Background and Purpose-Diffusion tensor imaging tractography reconstruction of white matter pathways can help guide brain tumor resection. However, DTI tracts are complex mathematical objects and the validity of tractography-derived information in clinical settings has yet to be fully established. To address this issue, we initiated the DTI Challenge, an international working group of clinicians and scientists whose goal was to provide standardized evaluation of tractography methods for neurosurgery. The purpose of this empirical study was to evaluate different tractography techniques in the first DTI Challenge workshop.
Introduction
Diffusion MRI provides the first non-invasive window on the architecture of the brain white matter in vivo. 1 The development of Diffusion Tensor Imaging (DTI) has opened up the possibility for investigating structural and anatomical features of white matter in human subjects non-invasively. 2, 3 From DTI data, tractography techniques have been proposed for extracting the trajectories of specific white matter pathways. 4 In neurosurgical settings, DTI tractography reconstructions of peritumoral white matter anatomy have the potential for providing clinically relevant information during pre-operative planning and intra-operative mapping of brain tumor resection. [5] [6] In particular, the knowledge of the spatial relationship of a tumor with white matter tracts involved in motor, visual, or language function is essential to the neurosurgeon for preventing any post-operative disorder. 7 Pre-operative tractography reconstructions can be generated interactively, 8 and can be integrated into a neuronavigation workstation to help guide brain tumor surgery. 9, 10 However, tractography remains a challenging technology based on complex data acquisition and geometrical models that rely on many assumptions. 11 In neurosurgical settings, tractography errors can give clinicians incorrect information on the location of critical structures, and thus present the risk of post-operative deficits for the patient. 12 To overcome these limitations, the medical image computing community has developed a multitude of innovative tractography techniques. 4 However, neurosurgeons face the challenge of selecting the appropriate tractography method in the absence of ground truth. The first attempt at comparing tractography algorithms on neurosurgical data was the 2010 IEEE visualization contest on multimodal visualization for neurosurgical planning. 13 While this visualization contest provided relevant information on the performances of tractography algorithms on patient data, the tractography reconstructions were presented in different software environments and with different anatomical orientation making the comparative evaluation challenging.
The novelty of our work is a standardized evaluation of tractography algorithms on a common set of neurosurgical cases. The reconstructions were performed through the DTI Challenge, a publicly announced image processing contest that we organized at the 14 th International conference on Medical Image Computing and Computer Assisted Intervention (MICCAI) in Toronto, Canada. This paper presents the methodology and results of the first DTI Challenge workshop that is, to the best of our knowledge, the first attempt at comparing neurosurgical data processed with different tractography algorithms in a standardized and interactive way.
Materials and methods

Anatomical objective
The pyramidal tract (PT) was chosen as targeted white matter structure due to its welldefined anatomical origin and termination, and its critical contribution to motor function. In addition, the crossing of the PT with the superior longitudinal fasciculus and corpus callosum was a representative of fiber-crossing regions which are often challenging for tractography techniques.
MRI data acquisition
Informed consent was obtained from all participants and the study was approved by Partners' Institutional Review Board. MRI data were acquired on four patients presenting with a glioma near the motor cortex area. The cases included a recurrent/residual anaplastic oligoastrocytoma WHO grade III (patient 1), an anaplastic oligoastrocytoma WHO grade III (patient 2), an anaplastic oligodendroglioma WHO grade III (patient 3), and a glioblastoma WHO grade IV (patient 4). MR images were acquired on a GE Signa Excite 3T scanner (GE Medical Systems, Milwaukee, WI, USA) using an 8-channel head coil. Diffusion weighted images were acquired using a single-shot EPI sequence with 30 gradient-encoding directions. In total, 31 images were acquired, including one baseline image with no diffusion sensitization. This sequence represented the diffusion imaging data used in our neurosurgery clinic at the time of the study. The acquisition parameters were: b=1,000 s/mm 2 , TR=14000 ms, TE=30 ms, FOV=25.6 cm. Whole brain coverage was obtained by collecting 52 slices with 1.0 mm pixel size and 2.6 mm slice thickness. Anatomical imaging included a T1-weighted SPGR axial scan and a T2-weighted scan.
MRI data pre-processing
The pre-processing steps included image registration, segmentation, and tensor calculation. All steps were performed using the 3D Slicer open-source software. 14 No distortion correction was performed on the DWI scans to provide original clinical datasets to the tractography teams. A diffusion tensor was estimated from the DWI volumes using a weighted least squares estimation algorithm. The anatomical scans were co-registered to the diffusion scan using rigid and non-rigid registration. 15 For anatomical reference purpose, the tumor and edema were manually segmented from the registered anatomical images with input from a trained neuroradiologist. In patient 3, the outline of the surgical cavity resulting from previous resection was included in the segmentation. Surface models were generated from the segmented images using the Marching Cubes algorithm. Figure 1 shows the segmentation and 3D models of anatomical structures in patient 1.
Tractography reconstruction
The tractography reconstruction was performed through the DTI Challenge, an image processing challenge which consisted of an internet-based component and a physical meeting at the MICCAI conference. 16 The teams reconstructed the pyramidal tract from the DWI datasets acquired on patient 1 and patient 2 in a 3-month period prior to the workshop. The DWI datasets of patient 3 and patient 4 were processed during a 5-hour on-site challenge to simulate clinical constraints in which post-processing time is limited. The tractography results consisted of the trajectories of the tracts represented as streamlines and the envelopes of the voxelized tracts represented as binary labelmaps. Table 1 provides a short summary of the eight methods used by the teams. 16 Each method is characterized by a diffusion model, a fiber tracking algorithm and a set of anatomical regions-of-interest (ROIs). The diffusion model describes the probability density function of the displacement of water molecules in brain tissues. The fiber tracking algorithm reconstructs the trajectory of the molecules based on the directional information given by the diffusion model and the anatomical ROIs. Fiber tracking methods can be divided into four categories: deterministic, probabilistic, filtered and global. Deterministic algorithms reconstruct the trajectory of a fascicle by following the principal direction of diffusion at each voxel. 17 Probabilistic algorithms compute the distribution of fiber pathways emanating from a given seed point and assign a confidence level to a specific trajectory. 18 Filtered tractography algorithms perform simultaneous multi-tensor estimation and fiber tractography within a Kalman filtering framework. 19 Finally, energy-based global tractography methods reconstruct all the fibers simultaneously by optimizing a cost function that best fits the measured data. 20
Post-processing
The tractography results submitted by the teams consisted of the trajectories of the tracts represented as streamlines, and the envelopes of the voxelized tracts represented as binary labelmaps. In order to enable a standardized review of the results, we loaded the tractography results in 3D Slicer and we created a series of 3D views of the tracts overlaid on the registered anatomical images along with 3D models of the tumor, edema, and ventricles ( Figure 2 ). The tracts submitted by the different teams were given the same orientation and color for consistency, with tracts on the tumor side displayed in yellow and tracts on the contralateral side in orange. To avoid any observation bias, the names of the algorithms were blinded to the reviewers, and the teams were identified by a number ranging from 1 to 8.
Qualitative evaluation
The evaluation of the tractography results was based on the qualitative review of the 3D views of the tracts by a panel of five judges. The panel was composed of two neurosurgeons experienced in the clinical use of DTI data and three DTI experts. The tractography results were evaluated based the presence of false-positive and false-negative tracts and anatomical accuracy of the reconstructed bundles. An important aspect of the DTI Challenge was the possibility for the jury to visualize the tractography results interactively. To that end, we provided the judges with a copy of the 3D Slicer software and an archive file that included, for each patient dataset, the eight tractography reconstructions of the pyramidal tract submitted by the teams along with the DTI volumes, anatomical scans, and 3D models of the anatomy. The judges could load and interactively rotate and zoom the data within the 3D Slicer software, so as to define the views that maximized their visual assessment of the tractography results.
Quantitative evaluation
The quantitative comparison of the different tractography reconstructions was performed on the basis of the estimation of the distance between tracts and percentage of affected regions visited by the tracts.
Distance between tracts
To evaluate the distances between two given fiber bundles, f x and f y generated by team x and y, respectively, we used the Average Mean Distance (AMD) and the Hausdorff distance, two metrics that have been proposed for the purpose of comparing tractography results. 21 The AMD is defined as the average of closest distance between fiber f x and fiber f y ; the Hausdorff distance is defined as the maximum of closest distance between fiber f x and fiber f y . We computed the AMD and Hausdorff distance for all pairs of fiber bundles reconstructed by the different teams on the tumor side and contralateral side, in all four patient datasets. We used box plots to display the summary statistics and distribution of distances.
Volumetric fraction of affected regions visited by tracts
To assess the capabilities of the tractography algorithms within and in the vicinity of the gliomas, we computed the volumetric fraction of tumor (f t ) and volumetric fraction of edema (f e ) visited by the tracts. In patient 3, we also calculated the volumetric fraction of surgical cavity (f c ) visited by the tracts. For a given fiber bundle f x reconstructed by team x, f xt and f xe were defined as the volume of the intersection of the envelope of f x with the segmented tumor and edema region, respectively. In patient 3, f xc was defined as the volume of the intersection of the envelope of f x with the segmented cavity.
Results
All tractography teams processed two neurosurgical cases prior to the workshop and seven teams processed two additional cases during the 5-hour on-site portion of the challenge. One team (team 3) failed to reconstruct the tracts on-site due to a hardware issue, and submitted their results for patient 4 after the challenge. The tractography results were visualized within 3D Slicer, which allowed for the comparison of tractography reconstructions in a nonambiguous manner. Figure 2 shows the results obtained for patient 1. Figure 3 presents the analogous results for patients 2, 3, and 4.
Visual comparison of the tractography results showed large inter-algorithm variability in both tumor and unaffected hemisphere. Overall, the tractography results correctly identified the projection of the pyramidal tract from the foot motor area on both sides, but failed to include the fibers arising from the hand and face areas. In addition, most of the algorithms did not reconstruct any tract in edematous regions, which could represent false-negative tracts. Further problems included false-positive identification of frontal and parieto-occipital aspects of the corona radiata and reconstruction of tracts in the surgical cavity ( Figure 4 ). The grades assigned by the judges ranged from A (excellent) to D (poor), and were averaged on the clinical criteria used for the review. The average grade for all clinical cases was B. We divided the teams into two groups: group 1 (teams 1, 3, 5, 6, and 7) achieved an overall score of B or higher; group 2 (teams 2, 4, and 8) achieved an overall score of B-or lower (Table 2) . Overall, ratings of the tractography results showed a difference in performance between tractography algorithms that belong to the same fiber tracking family: for example, team 1 and team 2 (deterministic) belong to group 1 and group 2, respectively. Only the methods used by team 6 and team 7 (global fiber tracking) were both in the same group (group 1). Figure 5 presents the graphs of the AMD and Hausdorff distance. The overlap of the boxes representing the tumor and contralateral side indicate that there is no significant difference across hemispheres, for both distances. The median AMD varied across patients between 2.4 mm and 6.3 mm on the tumor side, and between 2.7 mm and 5.3 mm on the contralateral side. In patients 2, 3, and 4, both the interquartile range and the distance between the two whiskers are larger in the tumor side than in the contralateral side, indicating a larger variability in AMD values on the pathological side. The median Hausdorff distance was relatively large, and varied across patients between 50.8 mm and 54.2 mm in the tumor side, and between 46.9 mm and 65.1 mm in the contralateral side. The interquartile range and distance between whiskers are comparable in the tumor and contralateral side, indicating that the presence of tumor or edema had little influence on the Hausdorff distance among the tracts reconstructed by the different methods. Table 3 presents the volumetric fraction of affected regions visited by the tracts. In patient 1 (anaplastic oligoastrocytoma grade III), all the tractography teams were in agreement with the absence of tracts in the tumor, which correlates with the cystic aspect of the lesion depicted on the T1-weighted image (Figure 1 ). In patient 2 (anaplastic oligoastrocytoma grade III) and patient 4 (glioblastoma grade IV), both the average and standard deviation of the fraction of tracts in the tumor regions were small (patient 2: 1.5±1.3%; patient 4: 0.5±0.9%), which is consistent with the type and grade of the tumor in the two cases. In patient 3 (anaplastic oligodendroglioma grade III), the volumetric fraction of the tumor visited by the tracts was higher, as expected from the infiltrative nature of the tumor and its location. While the tractography reconstructions are consistent with the type and location of the tumor, we observed a larger variability among results in the edematous regions. The mean and standard deviation of the volumetric fraction of edema visited by the tracts, which correspond to the percentage of edematous region that has tracts in it, was 5.3±5.3%, 5.6±6.8% and 7.1±7.9% in patients 1, 3, and 4, respectively. Finally, teams 2, 5, and 6 found false-positive tracts in the 13.3 cm 3 fluid-filled cavity in patient 3.
Discussion
DTI tractography is a research tool that holds promise for guiding to the location of critical white matter pathways during surgical planning of brain tumor resection. The technology can play a key role in the definition of resection boundaries by providing visual information on the presence of fibers near or within a lesion. However, DTI tractography suffers from a lack of standardization and the validity of tractography findings for neurosurgical decisionmaking needs to be fully established. Our study was designed to address this need using a novel approach based on the standardized comparison of tractography methods on patient data. Eight international teams reconstructed the pyramidal tract from a set of four neurosurgical datasets that we made available to the clinical and scientific community. A panel of experts reviewed the tractography reconstructions and the teams and jury members discussed the results at the first MICCAI DTI tractography challenge workshop. We reported the qualitative evaluation of tractography reconstructions by experts and the quantitative assessment of the agreement between methods.
The main findings of our study are: (1) that a large variability exists in the pyramidal tract reconstructed by different tractography algorithms in the clinical datasets provided; (2) most algorithms find projections of the pyramidal tract from the medial portion of the motor strip only, and few algorithms are able to trace the lateral projections from the hand, face and tongue area; and, (3) that the presence of tumoral tissues or edema has little influence on the pattern of disagreement among methods.
The tractography methods of this study illustrate the diversity of strategies for tracing white matter pathways proposed by leading academic teams. These methods include deterministic (teams 1 and 2), probabilistic (team 3), filtered (teams 4 and 5) and global (teams 6, 7, and 8) approaches. Because of that diversity, we chose not to provide seeding ROIs as, in general, such regions are a specific feature of a tractography tool and cannot be generalized to all approaches. The eight different methods present complementary strengths. For example, the multi-compartment model of team 2 and the global tractography approach of team 6 lead to the detection of some of the tracts emanating from the hand, face and tongue area in all neurosurgical cases. The deterministic streamline, filtered multi-tensor and energy-based global tractography approaches proposed by teams 1, 4, 7, and 8, respectively performed well by not producing false-positive tracts in the surgical cavity in patient 3. Finally, the boxplot representation of AMD and Hausdorff distance demonstrated that the structure of disagreement among methods was similar across the hemispheres despite the presence of alterations of neural architectures created by tumoral cells or edema.
This study has several limitations. First, the metrics employed to evaluate the variability of the results did not always capture the specificity of tractography data. We used voxelized tracts to calculate the volumetric fraction of affected regions visited by the fibers. There are several drawbacks in converting streamlines into a voxel grid, such as the influence of partial volume effects. Second, we did not take into account the observer variability. Overall, all judges agreed that most of algorithms failed to reconstruct the lateral projections of the pyramidal tract, and that tracts in the surgical cavity were clinically impossible. However, there were some discrepancies in the judging that did not appear in the overall grade as we averaged the ratings by all judges. This preliminary study was a first attempt to provide a standardized evaluation of tractography results by a team of experts. We plan to refine our review criteria and qualitative evaluation process by designing a survey questionnaire that will capture, in finer detail, the review by experts. In addition, we will include a test-retest study of the review of the pyramidal tracts by each judge, to evaluate intra-rater consistency. Finally, there was the absence of ground truth to which the tractography results could be compared for validation. While this issue affects the whole field of diffusion MR imaging, in general, our approach was to use the neuroanatomical knowledge of practicing neurosurgeons and DTI experts as a model of ground truth. We plan to add functional MRI to our study data to provide complementary information on the location of critical white matter pathways.
Conclusion
This report presents the results of an empirical research study on the evaluation of DTI tractography algorithms on a common set of clinical data from neurosurgical patients in the absence of ground truth. Our approach is based on the hypothesis that since all the different tractography methods aim at reconstructing the same anatomy, they should lead to the same results. Therefore, we focused our effort on collecting tractography data on neurosurgical cases and measuring a set of quantitative metrics and clinical criteria to evaluate them. Our study demonstrates considerable variability among different approaches despite the choice of a commonly known structure with a clear anatomical definition and an image processing challenge bringing together the most advanced algorithms. The difficulties in fully reconstructing the pyramidal pathway indicate that the potential to reconstruct less welldefined tracts could be even more challenging. Tracts associated with other critical functions such as the arcuate fasciculus and the optic radiation present additional difficulties due to the individual variability in the location of the language circuit as well as in the extent of the Meyer's loop.
It was not our goal to find out which method is the best, but to quantify the variability among tractography methods in the context of neurosurgical planning. This study is intended to serve as a first step towards the standardized evaluation of DTI tractography algorithms and, as a community-building effort, to address the highly multidisciplinary aspect of validation of DTI findings for clinical use. By bringing together a group of leading research teams in diffusion MRI who accepted run their tractography algorithms on a common set of clinical data, we were able to provide neurosurgeons an overview of the tractography results produced by advanced methods available in the field. By providing a review of the results by experts and a quantitative comparison of different methods, we provided algorithm developers with clues on the advantages and weaknesses of their individual approach.
This collaborative effort is intended to facilitate the exchange of knowledge and expertise among the scientists developing tractography algorithms tools and the neurosurgeons using tractography applications in the clinic. DTI tractography is a clinical research tool, and neurosurgeons and neuroradiologists should take into account the uncertainty associated with tractography reconstructions as different tractography algorithms give different results that can actually affect clinical outcomes. Future work includes the definition of ground truth model and a set of recommendations for the use of DTI tractography for neurosurgical decision-making. The box plots represent summary statistics for the average mean distance and Hausdorff distance; each pair of box-and-whisker plots describes the distances between the eight tractography reconstructions of the pyramidal tract on the tumor and contralateral side, for a given patient dataset. The graphs show the median, interquartile range, minimum and maximum values of the distances. The shorter the distances, the closer the tracts reconstructed by the different teams should be. The overlap of the boxes representing the tumor and contralateral side indicates that there is no significant difference across hemispheres for both distances. 
